(1) The present study shows for the first time that the interaction of tau with glycogen synthase kinase (GSK)-3β and protein phosphatase 2A is altered during transient brain ischemia.
INTRODUCTION
Cell death is one of the most serious consequences of brain ischemia [1] [2] . Despite the existence of numerous agents that can prevent the cascade of events leading to ischemic neuronal death in animal models, clinical trials with such agents have proved disappointing [3] [4] [5] . Mounting evidence indicates that stroke has many similarities to some neurodegenerative diseases including Alzheimer's disease, providing clues for studying and treating ischemic stroke [6] [7] . Intracellular neurofibrillary tangles in the brain are the hallmark pathological feature of Alzheimer's disease and are composed of bundles of straight and paired helical filaments, the major protein component of which is abnormally hyperphosphorylated tau [8] [9] . Hyperphosphorylation of tau reduces its ability to bind to microtubules [8] [9] and it has therefore been proposed to lead to microtubule destabilization, appearance of neurofibrillary tangles, and neurodegeneration in Alzheimer's disease brain. Hyperphosphorylation of tau is a physiologically reversible response of the brain to some stressful conditions, such as heat shock, starvation or ischemia [10] . Ischemia causes a shortage of glucose and oxygen to the brain and results in death of neurons. Reduced glucose metabolism is observed in certain regions of the brain in people with probable and preclinical Alzheimer's disease [11] . These data, combined with a previous observation that brain ischemia induces tau hyperphosphorylation at many paired helical filament-tau epitopes [12] , suggest that a common mechanism of tau hyperphosphorylation might be involved in ischemia and Alzheimer's disease.
Phosphorylation of tau can be regulated by many protein kinases and phosphatases. An increasing number of studies have shown that glycogen synthase kinase 3 (GSK-3) is the most likely candidate for the protein kinase responsible for the abnormal phosphorylation state of tau in Alzheimer's disease brain [13] [14] . GSK-3 is a serine/threonine protein kinase that was first isolated and purified as an enzyme capable of phosphorylating and inactivating glycogen synthase [15] [16] . It was recognized as a multifunctional enzyme involved in a broad range of biological processes [17] . GSK-3 is inhibited by phosphorylation of a serine residue (Ser 9 in GSK-3β and Ser 21 in GSK-3α) located in the N-terminal domain. GSK-3 was shown to phosphorylate tau both in vitro and in intact cells on multiple sites, some of which are abnormally hyperphosphorylated in Alzheimer's disease brain [17] [18] . Protein phosphatase 2A (PP2A) has been shown to be the main tau phosphatase [19] . PP2A is a family of serine/threonine phosphatases and is ubiquitously expressed in all kinds of tissue and cells. PP2A accounts for as much as 1% of total cellular proteins and for the major portion of serine/threonine phosphatase activity [20] . In response to growth factors or insulin, it has been shown that PP2A is phosphorylated at Tyr 307 and results in inactivation of the enzyme [21] .
In this study, we hypothesized that GSK-3β (the main tau kinase) and PP2A (the main tau phosphatase) may be involved in the phosphorylation of tau protein during transient brain ischemia. Therefore, the phosphorylation of tau and its interaction with GSK-3β and PP2A were investigated after ischemic insult followed by reperfusion. To further confirm our hypothesis, we administered lithium chloride, a selective inhibitor of GSK-3β, to rats and investigated its effect on this interaction and tau phosphorylation as well as on the behavioral and histological outcomes in rats exposed to cerebral ischemia and reperfusion. Figure 1A , B), indicating that tau was becoming dephosphorylated. After 30 minutes of reperfusion, tau was rephosphorylated, resulting in a level of phosphorylated tau significantly higher than that in the sham-operated group (P < 0.05; Figure 1C , D); however, after 12 hours of reperfusion, the level of phosphorylated tau returned to normal.
RESULTS

Quantitative analysis of experimental animals
Time course of phosphorylated GSK-3β and total GSK-3β protein levels in rat hippocampus during brain ischemia and reperfusion Considering that GSK-3β is the major tau kinase, its activity was investigated in brain ischemia and reperfusion to explore the underlying mechanisms of tau phosphorylation. The level of phosphorylation decreased rapidly after 3 minutes of ischemia and continued to decrease as the duration of ischemia was prolonged to 5, 15 and 30 minutes (P < 0.05; Figure 2A , B). This indicates that the activity of GSK-3β was increased. During reperfusion, the serine phosphorylation of GSK-3β increased significantly to a level higher than that of the sham-operated group (P < 0.05; Figure  2C , D), indicating that the activity of GSK-3β was inhibited.
Time course of phosphorylated PP2A and total PP2A protein levels in rat hippocampus during brain ischemia and reperfusion As PP2A is a major tau phosphatase, the time course of PP2A activity was examined in brain ischemia and reperfusion. Phosphorylation of PP2A at Tyr 307 increased after 15-30 minutes of ischemia (P < 0.05; Figure 2E , F), indicating that the activity of PP2A was decreased. After 3 hours of reperfusion, PP2A phosphorylation was significantly increased (P < 0.05; Figure 2G , H) and was significantly higher than that in the sham-operated and ischemia groups, suggesting that the activity of PP2A was largely inhibited. 
Interaction of tau with GSK-3β and PP2A during brain ischemia and reperfusion
To further study the roles of GSK-3β and PP2A in tau phosphorylation, the interaction of tau with GSK-3β and PP2A was examined by immunoprecipitation. As shown in Figure 2 , the interaction between the two proteins was unchanged during brain ischemia ( Figure 2I , J), but was significantly increased after reperfusion (P < 0.05; Figure  2K , L). The interaction between tau and PP2A was notably increased in brain ischemia (P < 0.05; Figure 2I , J), but was decreased after reperfusion (P < 0.05; Figure 2K , L). Therefore, the dephosphorylation of tau may be induced by the increased association between PP2A and tau in brain ischemia. Moreover, PP2A may override GSK-3β in tau dephosphorylation. During reperfusion, both the increased interaction between GSK-3β and tau and the decreased association between PP2A and tau contributed to the increased phosphorylation of tau, notwithstanding the decreased activity of GSK-3β.
Effects of lithium chloride on the phosphorylation of tau in the rat hippocampus during brain ischemia and reperfusion
Pretreatment with lithium chloride not only inhibited dephosphorylation of tau in brain ischemia (P < 0.05; Figure 3A , B), but also inhibited the rephosphorylation of tau in reperfusion (P < 0.05; Figure 3C , D).
Effects of lithium chloride on the activities of GSK-3β
and PP2A in rat hippocampus during brain ischemia and reperfusion Pretreatment with lithium chloride resulted in increased serine phosphorylation of GSK-3β in brain ischemia and reperfusion (P < 0.05; Figure 4A , B), which suggested that the activity of GSK-3β was inhibited by lithium chloride. However, lithium chloride had no effects on the activity of PP2A, as the levels of phosphorylated PP2A at Tyr 307 were not altered by lithium chloride during brain ischemia and reperfusion.
Effects of lithium chloride on the interaction of tau with GSK-3β and PP2A during brain ischemia and reperfusion Lithium chloride had no significant effects on the interaction between tau and GSK-3β in brain ischemia and reperfusion ( Figure 4C, D) . However, lithium chloride could inhibit not only the increased association between tau and PP2A in ischemia, but also the decreased association between tau and PP2A in reperfusion (P < 0.05).
Effects of lithium chloride on the spatial learning and memory of rats subjected to ischemia and reperfusion
In the hidden platform swimming test, rats subjected to ischemia and reperfusion showed a longer latency to find the platform compared with sham-operated rats. On the first test day, lithium chloride-treated rats with ischemia/ reperfusion injury showed a trend to take a shorter time to find the hidden platform than ischemia/reperfusion rats that had not received lithium chloride, but this did not reach statistical significance. After the second test day, lithium chloride-treated ischemia/reperfusion rats spent a significantly shorter time finding the platform compared with ischemia/reperfusion rats without lithium chloride treatment ( Figure 5A ). In the probe trial test, ischemia/reperfusion rats that had not received lithium chloride showed significantly fewer platform-passing times than sham-operated rats. Lithium chloride-treated ischemia/reperfusion rats displayed an improved ability in learning and memory and showed more platform-passing times than ischemia/reperfusion rats without lithium chloride treatment ( Figure 5B ). There was no speed difference among all groups (data not shown).
Effects of lithium chloride on the morphology of pyramidal neurons in ischemia/reperfusion rats
To verify further the neuroprotective effects of lithium chloride against ischemic injury, the effects of lithium chloride on the survival of CA1 pyramidal neurons were examined in rat hippocampus after 7 days of reperfusion. There was no obvious difference in neuronal survival between sham-operated and 15-minute ischemia groups ( Figure 6A-D) . Fifteen minutes of cerebral ischemia followed by 7 days of reperfusion resulted in severe cell death ( Figure 6E, F) . Treatment with lithium chloride notably suppressed reperfusion-induced neuronal death, which was shown by a greater neuronal density ( Figure  6G-I ).
DISCUSSION
Hyperphosphorylation of tau is a common feature of neurodegenerative tauopathies including Alzheimer's disease. Therefore, much research has focused on the identification of the protein kinases and protein phosphatases that regulate tau phosphorylation. The proline-directed serine/threonine kinases Cdk5 and GSK-3 have been identified as major candidates mediating tau hyperphosphorylation at sites characteristic for neurodegenerative tauopathies. However, Plattner and colleagues [22] reported recently that Cdk5 did not directly affect tau hyperphosphorylation in vivo and their results It was also reported that PP2A was the major tau phosphatase that regulates its phosphorylation at multiple sites and it accounted for 71% of the total tau phosphatase activity in human brain [19] . The abnormal hyperphosphorylation of tau is partially due to a downregulation of PP2A activity in Alzheimer's disease brain. Therefore, the present study focused on the effect of GSK-3β and PP2A in tau phosphorylation during transient brain ischemia.
Previous studies confirmed that cerebral ischemia could result in a rapid dephosphorylation of tau, and tau phosphorylation was differentially recovered after 24 hours of reperfusion [12] . However, the underlying mechanism was not examined. Here, consistent with previous studies, we found that tau was dephosphorylated in brain ischemia and rephosphorylated after reperfusion. We hypothesized that the major tau kinase GSK-3β would be inactivated in ischemia and activated after reperfusion. Contrary to our expectation, we observed that GSK-3β was activated in ischemia and inhibited after reperfusion. Moreover, the activity of PP2A was mildly inhibited in ischemia and intensively inhibited after reperfusion. These results demonstrated that activation of GSK-3β is not obligatory for tau hyperphosphorylation. Next, we investigated the association between GSK-3β, tau and PP2A. We found that the interaction of tau with GSK-3β was always increased in ischemia and reperfusion. The interaction of tau with PP2A was increased in ischemia and decreased after reperfusion. These results reveal a possible mechanism for the dephosphorylation and rephosphorylation of tau protein during transient cerebral ischemia. During brain ischemia, dephosphorylation of tau may be due to the increased association between tau and PP2A despite the elevated activity of GSK-3β. After reperfusion, the increased association between tau and GSK-3β and the decreased association between tau and PP2A may contribute jointly to tau hyperphosphorylation. Our results suggest that it is the associations between GSK-3β, tau and PP2A rather than the activities of GSK-3β and PP2A that dominate the phosphorylation of tau in transient brain ischemia. In the regulation of tau phosphorylation, PP2A may be central and override the role of GSK-3β. To further confirm our hypothesis, we used lithium chloride to inhibit GSK-3β. We found that lithium chloride could inhibit the activation of GSK-3β in ischemia and further inhibit its activity after reperfusion. However, lithium chloride had no obvious effects on the activity of PP2A in ischemia and reperfusion. Lithium chloride had no effects on the interaction between tau and GSK-3β, but it inhibited not only the increased association between tau and PP2A in ischemia, but also the decreased association between PP2A and tau after reperfusion. Thus, lithium chloride not only inhibited dephosphorylation of tau in brain ischemia, but also inhibited the rephosphorylation of tau in reperfusion.
Ischemic stroke is the leading cause of serious, longterm disability and death among elderly people. Reperfusion after an ischemic episode can significantly aggravate injury to the brain. However, the precise mechanism underlying ischemia and reperfusion injury is not clear. There are as yet no clinically effective therapeutic protocols for protection of the brain from damage induced by ischemia and reperfusion. According to the present results, we can speculate that hyperphosphorylation of tau during early reperfusion is a possible reason for ischemia/reperfusion brain injury. Therefore, measures aimed at inhibiting tau hyperphosphorylation may be useful in the treatment of ischemic stroke.
Lithium chloride is an agent widely used to treat bipolar mood disorder. Mounting evidence indicates that lithium chloride has neuroprotective effects on ischemia-induced neuronal death in vivo and in vitro [23] [24] [25] [26] . Nevertheless, the underlying protective mechanisms of lithium chloride in brain ischemia are not well understood. Consistent with previous studies, our results confirmed that lithium chloride is neuroprotective against brain ischemic injury. In the Morris water maze experiment, we found that pretreatment with lithium chloride could also rescue the memory impairment of rats subjected to brain ischemia and reperfusion. Additionally, we provided a possible mechanism for the effects of lithium chloride. As a selective inhibitor of GSK-3β, lithium chloride can suppress the activity of GSK-3β in brain ischemia and reperfusion. More importantly, the associations between GSK-3β, tau and PP2A can be regulated by lithium chloride. Thus, lithium chloride can regulate the state of tau phosphorylation.
In conclusion, we have demonstrated for the first time a mechanism of tau hyperphosphorylation after transient brain ischemia. Inhibition of PP2A could override the inhibition of GSK-3β and lead to tau hyperphosphorylation in reperfusion following transient brain ischemia. According to our data, we can hypothesize that hyperphosphorylation of tau plays an important role in the evolution of brain injury in ischemic stroke. The neuroprotective function of lithium chloride may partly depend on the altered phosphorylation of tau by regulating the association among tau, GSK-3β and PP2A. Strategies addressing tau pathology may be promising in the treatment of stroke. Further studies are required to elucidate the mechanism of lithium chloride in the regulation of the association among GSK-3β, tau and PP2A in stroke and other tauopathies. [27] .
MATERIALS AND METHODS
Design
Methods
Establishment of brain ischemia/reperfusion models Transient brain ischemia was induced by four-vessel occlusion method, as described by Pulsinelli et al [28] . Briefly, rats were anesthetized by intraperitoneal injection of 300 mg/kg chloral hydrate and immobilized in stereotaxic apparatus (RWD Life Science Co., Ltd., Shenzhen, Guangdong Province, China). The bilateral vertebral arteries were electrocauterized with a bipolar coagulator. The next day, the bilateral common carotid arteries were occluded with aneurysm clips to induce brain ischemia. After 15 minutes of occlusion, the aneurysm clips were removed for 7 days of reperfusion. Sham-operated rats received the same surgical procedures, but the carotid arteries were not occluded. Body temperature of rats was maintained at 37°C using a heating pad. Rats that did not exhibit loss of their righting reflex during brain ischemia were excluded from the subsequent experiment.
Drug treatments
Lithium chloride (Sigma, St. Louis, MO, USA) was dissolved in saline at a concentration of 10 mmol/L. Rats were treated daily by intraperitoneal injection with lithium chloride (1 mmol/kg; n = 10) or vehicle (0.9% NaCl; n = 10) for 14 days before transient brain ischemia [25] . Drug treatment was continued until the day rats were sacrificed.
Morris water maze for learning and memory abilities of rats
The Morris water maze was used to test spatial learning and memory [29] . The water maze test was performed in a black circular pool (diameter 1.5 m, height 60 cm, filled with water of 22-23°C to a height of 30 cm). In the hidden-platform trials, a platform (10 cm diameter) was placed 2.0 cm below the water line in the southeastern quadrant of the pool. The rat was placed in the water facing the wall at one random start location of four quadrants. Each rat was allowed 120 seconds to find the submerged platform and rest on it for 20 seconds. If the rat failed to find the hidden platform within 120 seconds, it was placed on it for 20 se-conds. Two sessions of four trials were conducted on the first testing day, with an interval of 4 hours. The first session was considered as the training procedure. One session of four trials was conducted daily on the next 3 days of test. Four hours after the last trial, a probe trial was given within 120 seconds, in which the platform was removed from the pool. The escape latency, escape distance (data not shown), swimming speed, and swimming pattern of the mice were monitored by a camera directly above the pool.
Immunoprecipitation and western blot assay for GSK-3β, tau and PP2A protein and their phosphorylation Rats were decapitated immediately after their allocated ischemia and/or reperfusion time. The hippocampi were quickly separated, dipped into liquid nitrogen then stored at -80°C. Hippocampi were homogenized in ice-cold homogenization buffer consisting of 50 mmol/L 3-(Nmorpholino) propanesulfonic acid (pH 7.4), 100 mmol/L KCl, 320 mmol/L MgCl 2 , 0.2 mmol/L dithiothreitol, phosphatase and protease inhibitors (20 mmol/L h-glycerophosphate, 20 mmol/L sodium pyrophosphate, 50 mmol/L NaF, 0.5 mmol/L ethylene diamine tetraacetic acid, 1 mmol/L ethylene glycol bis (2-aminoethyl) tetraacetic acid, 1 mmol/L phenylmethylsulfonyl fluoride, 1 mmol/L benzamidine and 5 μg/mL each of aprotinin, leupeptin and pepstatin A). The homogenates were centrifuged at 800 × g for 15 minutes at 4°C, the supernatant was collected and the protein concentrations were determined by the Lowry method [30] .
For immunoprecipitation, samples (400 μg of protein) were diluted fourfold with 50 mmol/L N-[2-hydroxyethyl]-piperazine-N'-[2-ethanesulfonic acid] buffer (pH 7.4) containing 10% glycerol, 150 mmol/L NaCl, 1% Triton X-100, 0.5% Nonidet P-40 and 1 mmol/L each of ethylene diamine tetraacetic acid, ethylene glycol bis (2-aminoethyl) tetraacetic acid, phenylmethylsulfonyl fluoride and Na 3 VO 4 . Diluted samples were preincubated for 1 hour with 20 μL protein A, and then centrifuged to remove any protein adhered nonspecifically to protein A. The supernatants were incubated with 1-2 μg mouse anti-rat tau monoclonal antibody (1:100; Cell Signaling, Beverly, MA, USA) for 4 hours at 4°C. Then protein A was added to the reaction system and the incubation continued for 2 hours. Samples were centrifuged at 10 000 × g and the pellets were washed three times with N-[2-hydroxyethyl]-piperazine-N′-[2-ethanesulfonic acid] buffer. Bound proteins were eluted by adding 4 × sodium dodecyl sulfate-polyacrylamide gel electrophoresis sample buffer (10 μL) and boiled at 100°C for 10 minutes, then centrifuged at 10 000 × g for 2 minutes. The supernatants were used for immunoblots.
For western blot assay, proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and were electrotransferred onto nitrocellulose membrane (pore size 0.45 μm). The membrane was probed with rabbit anti-rat phospho-GSK-3β (Ser 9 )
monoclonal antibody (1:1 000; Cell Signaling); rabbit anti-rat GSK-3β monoclonal antibody (1:1 000; Cell Signaling); mouse anti-rat tau monoclonal antibody (1: 1 000; Cell Signaling); mouse anti-rat phospho-tau (Ser  202 ) monoclonal antibody (1:1 000; Stressgen, Kampenhout, Belgium); mouse anti-rat phospho-tau (Ser 404 ) monoclonal antibody (1:1 000; Santa Cruz Biotechnology); mouse anti-rat paired helical filament-1 monoclonal antibody, which recognizes tau phosphorylated at Ser 396/404
(1: 1 000; Albert Einstein College of Medicine, Bronx, NY, USA); rabbit anti-rat phospho-PP2A (Tyr 307 ) monoclonal antibody (1:1 000; Epitomics, Burlingame, CA, USA); and rabbit anti-rat PP2A monoclonal antibody (1:1 000; Epitomics) overnight at 4°C. Detection was performed using alkaline phosphatase-conjugated goat-anti-rabbit IgG (1:10 000; Sigma) or goat anti-mouse IgG (1:10 000; Sigma). The bands on the membrane were scanned and analyzed by an image analyzer (Labworks Software, UVP Inc., Upland, CA, USA). The absorbance values of the bands were determined. The results were expressed as fold-change versus sham-operated group.
Histological staining for the survival of hippocampal CA1 pyramidal neurons Rats were deeply anesthetized by chloral hydrate and perfused transcardially with chilled physiological saline for 3 minutes and then 4% paraformaldehyde. Brains were removed and stored in the same paraformaldehyde solution overnight. Frozen sections (10 µm) were cut coronally and stained with cresyl violet (Sigma). The sections were examined with light microscopy (Olympus, Tokyo, Japan) and the survival of hippocampal CA1 pyramidal cells per 1 mm length was counted as the neuronal density.
Statistical analysis
Data are expressed as mean ± SD from eight independent animals. Statistical analysis of the results was conducted using Origin 7.0 software (OriginLab Corporation, Northampton, MA, USA), and one-way analysis of variance followed by least significant difference test or Newman-Keuls test. A value of P < 0.05 was considered statistically significant.
